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An experimentally feasible energy-storage concept is formulated based on vorticity (hy-
dro)dynamics within an easy-plane insulating magnet. The free energy, associated with the magnetic
winding texture, is built up in a circular easy-plane magnetic structure by injecting a vorticity flow
in the radial direction. The latter is accomplished by electrically induced spin-transfer torque,
which pumps energy into the magnetic system in proportion to the vortex flux. The resultant mag-
netic metastable state with a finite winding number can be maintained for a long time because the
process of its relaxation via phase slips is exponentially suppressed when the temperature is well
below the Curie temperature. We propose to characterize the vorticity-current interaction under-
lying the energy-loading mechanism through its contribution to the effective electric inductance in
the rf response. Our proposal may open an avenue for naturally powering spintronic circuits and
nontraditional magnet-based neuromorphic networks.
Introduction.—The centerpiece of the global energy
challenge today is a viable method for energy storage,
whose key is to convert captured energy into forms that
are convenient or economic for long-term storage. Com-
monly used forms of energy storage are based on chem-
ical energy (lithium-ion batteries), gravitational energy
(hydroelectric dam), thermal energy (molten salt), etc.
Recent progress in the field of spintronics enables us to
manipulate magnetic textures in numerous ways [1, 3, 4],
which inspires the possibility of storing energy in the ex-
change energy associated with topological magnetic tex-
tures [5].
Here, we propose a feasible scheme for energy storage
in the topological magnetic winding texture of a magnetic
insulator—a magnetic battery. The physical mechanism
for charging or discharging is through vortex hydrody-
namics. The “phase-slip” phenomenon in a spin super-
fluid [6] is known to reduce the phase winding of a one-
dimensional system by 2pi, by sending a vortex through
it. Vice versa, driving a vortex flow in the opposite di-
rection will naturally build up the winding number, and
hence the magnetic exchange energy.
Although our system is limited in terms of energy
density compared with the prevalent lithium-ion bat-
tery technology, our approach does have a few advan-
tages. First, magnetic systems are highly nonvolatile
and endurable. Magnetic textures protected by nontriv-
ial topological numbers, such as domain walls, vortices,
and skyrmions, have already been employed in memory
and logic devices [7–10]. Energy can be stored over an
extremely long time scale, with essentially no degrada-
tion in charging and discharging cycles. Second, mag-
netic batteries can be naturally incorporated into spin-
tronic circuits [7, 11–13], neuromorphic platforms [2, 15–
18], and quantum-information processing tasks based on
insulating magnets [19–21], rendering coherent and low-
dissipation operations based purely on spin dynamics.
Third, common magnetic materials are environmentally
friendly and the development of magnetic batteries is an-
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<latexit sha1_base64="Bc3nJEDtjg42ZzgvlxIJyG/wf0o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRi94q2g9oQ9lsN+3SzSbsTgol9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c781phrI2L1hJOE+xEdKBEKRtFKj/e9ca9ccavuHGSVeD mpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5a6qeEJZSM64B1LFY248bP5qVNyZpU+CWNtSyGZq78nMhoZM4kC2xlRHJplbyb+53VSDK/9TKgkRa7YYlGYSoIxmf1N+kJzhnJiCWVa2FsJG1JNGdp0SjYEb/nlVdK8qHpu1Xu4rNRu 8jiKcAKncA4eXEEN7qAODWAwgGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMsqo22</latexit><latexit sha1_base64="Bc3nJEDtjg42ZzgvlxIJyG/wf0o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRi94q2g9oQ9lsN+3SzSbsTgol9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c781phrI2L1hJOE+xEdKBEKRtFKj/e9ca9ccavuHGSVeD mpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5a6qeEJZSM64B1LFY248bP5qVNyZpU+CWNtSyGZq78nMhoZM4kC2xlRHJplbyb+53VSDK/9TKgkRa7YYlGYSoIxmf1N+kJzhnJiCWVa2FsJG1JNGdp0SjYEb/nlVdK8qHpu1Xu4rNRu 8jiKcAKncA4eXEEN7qAODWAwgGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMsqo22</latexit><latexit sha1_base64="Bc3nJEDtjg42ZzgvlxIJyG/wf0o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRi94q2g9oQ9lsN+3SzSbsTgol9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c781phrI2L1hJOE+xEdKBEKRtFKj/e9ca9ccavuHGSVeD mpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5a6qeEJZSM64B1LFY248bP5qVNyZpU+CWNtSyGZq78nMhoZM4kC2xlRHJplbyb+53VSDK/9TKgkRa7YYlGYSoIxmf1N+kJzhnJiCWVa2FsJG1JNGdp0SjYEb/nlVdK8qHpu1Xu4rNRu 8jiKcAKncA4eXEEN7qAODWAwgGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMsqo22</latexit><latexit sha1_base64="Bc3nJEDtjg42ZzgvlxIJyG/wf0o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRi94q2g9oQ9lsN+3SzSbsTgol9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c781phrI2L1hJOE+xEdKBEKRtFKj/e9ca9ccavuHGSVeD mpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5a6qeEJZSM64B1LFY248bP5qVNyZpU+CWNtSyGZq78nMhoZM4kC2xlRHJplbyb+53VSDK/9TKgkRa7YYlGYSoIxmf1N+kJzhnJiCWVa2FsJG1JNGdp0SjYEb/nlVdK8qHpu1Xu4rNRu 8jiKcAKncA4eXEEN7qAODWAwgGd4hTdHOi/Ou/OxaC04+cwx/IHz+QMsqo22</latexit>
r
<latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/ qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJ YPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReF qSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/ qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJ YPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReF qSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/ qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJ YPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReF qSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/ qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJ YPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReF qSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit>
 r
<latexit sha1_base64="RfIwgEtUxuLhMYHJMPRk9OaVtM4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPa UDabSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaTox3QoecQZNVbq9kMUhhI1qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZw KnlX6mMaVsTIfYs1TSGLWfz++dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmz5OQK2RGTCyhTHF7K2EjqigzNqKKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAh4hld4cx6dF+fd+Vi0lpxi5hj+wPn8Ab2t j8I=</latexit><latexit sha1_base64="RfIwgEtUxuLhMYHJMPRk9OaVtM4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPa UDabSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaTox3QoecQZNVbq9kMUhhI1qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZw KnlX6mMaVsTIfYs1TSGLWfz++dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmz5OQK2RGTCyhTHF7K2EjqigzNqKKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAh4hld4cx6dF+fd+Vi0lpxi5hj+wPn8Ab2t j8I=</latexit><latexit sha1_base64="RfIwgEtUxuLhMYHJMPRk9OaVtM4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPa UDabSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaTox3QoecQZNVbq9kMUhhI1qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZw KnlX6mMaVsTIfYs1TSGLWfz++dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmz5OQK2RGTCyhTHF7K2EjqigzNqKKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAh4hld4cx6dF+fd+Vi0lpxi5hj+wPn8Ab2t j8I=</latexit><latexit sha1_base64="RfIwgEtUxuLhMYHJMPRk9OaVtM4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPa UDabSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SDmaTox3QoecQZNVbq9kMUhhI1qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZw KnlX6mMaVsTIfYs1TSGLWfz++dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmz5OQK2RGTCyhTHF7K2EjqigzNqKKDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAh4hld4cx6dF+fd+Vi0lpxi5hj+wPn8Ab2t j8I=</latexit>
h
m
<latexit sha1_base64="h23NslBPSCgCqm9BHzqEVmEE+Lg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ30MOypXrniV/05yCoJclKBHPVe+avbT1imuEYmqbWdwE8xnFCDgkk+LXUzy1PKRnTAO45qqrgNJ/NTp+TMKX0SJ8aVRjJXf09MqLJ2rCLXqSgO7bI3E//zOhnG1+FE6DRDrtliUZxJggmZ/U36wnCGcuwIZUa4WwkbUkMZunRKLoRg+eVV0ryoBn41uL+s1G7yOIpwAqdwDgFcQQ3uoA4NYDCAZ3iFN096L96797FoLXj5zDH8gff5A05Ajcw=</latexit><latexit sha1_base64="h23NslBPSCgCqm9BHzqEVmEE+Lg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ30MOypXrniV/05yCoJclKBHPVe+avbT1imuEYmqbWdwE8xnFCDgkk+LXUzy1PKRnTAO45qqrgNJ/NTp+TMKX0SJ8aVRjJXf09MqLJ2rCLXqSgO7bI3E//zOhnG1+FE6DRDrtliUZxJggmZ/U36wnCGcuwIZUa4WwkbUkMZunRKLoRg+eVV0ryoBn41uL+s1G7yOIpwAqdwDgFcQQ3uoA4NYDCAZ3iFN096L96797FoLXj5zDH8gff5A05Ajcw=</latexit><latexit sha1_base64="h23NslBPSCgCqm9BHzqEVmEE+Lg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ30MOypXrniV/05yCoJclKBHPVe+avbT1imuEYmqbWdwE8xnFCDgkk+LXUzy1PKRnTAO45qqrgNJ/NTp+TMKX0SJ8aVRjJXf09MqLJ2rCLXqSgO7bI3E//zOhnG1+FE6DRDrtliUZxJggmZ/U36wnCGcuwIZUa4WwkbUkMZunRKLoRg+eVV0ryoBn41uL+s1G7yOIpwAqdwDgFcQQ3uoA4NYDCAZ3iFN096L96797FoLXj5zDH8gff5A05Ajcw=</latexit><latexit sha1_base64="h23NslBPSCgCqm9BHzqEVmEE+Lg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ30MOypXrniV/05yCoJclKBHPVe+avbT1imuEYmqbWdwE8xnFCDgkk+LXUzy1PKRnTAO45qqrgNJ/NTp+TMKX0SJ8aVRjJXf09MqLJ2rCLXqSgO7bI3E//zOhnG1+FE6DRDrtliUZxJggmZ/U36wnCGcuwIZUa4WwkbUkMZunRKLoRg+eVV0ryoBn41uL+s1G7yOIpwAqdwDgFcQQ3uoA4NYDCAZ3iFN096L96797FoLXj5zDH8gff5A05Ajcw=</latexit>
h
c
<latexit sha1_base64="t63jEqlPmmEpLXi2LA4IWNrO11c=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9jPqs71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5Az8YjcI=</latexit><latexit sha1_base64="t63jEqlPmmEpLXi2LA4IWNrO11c=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9jPqs71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5Az8YjcI=</latexit><latexit sha1_base64="t63jEqlPmmEpLXi2LA4IWNrO11c=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9jPqs71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5Az8YjcI=</latexit><latexit sha1_base64="t63jEqlPmmEpLXi2LA4IWNrO11c=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis9jPqs71a9mjcHWSV+QapQoNF3v3qDhGUxSsME1brre6kJcqoMZwKnlV6mMaVsTIfYtVTSGHWQz0+dkjOrDEiUKFvSkLn6eyKnsdaTOLSdMTUjvezNxP+8bmai6yDnMs0MSrZYFGWCmITM/iYDrpAZMbGEMsXtrYSNqKLM2HQqNgR/+eVV0rqo+V7Nv7+s1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c4L86787FoLTnFzDH8gfP5Az8YjcI=</latexit>
'
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FIG. 1. The ring-shaped bilayer with a radius r, width δr, and
heights hm for the magnetic insulator and hc for the metal-
lic contact. The magnetic insulator has an easy-xy-plane
anisotropy for the order parameter, whose in-plane orienta-
tion is parametrized by the azimuthal angle ϕ. θ is the polar
angle for a real-space position along the ring. The (ferromag-
netic) metal layer has a uniform magnetization M = M zˆ and
an azimuthal current I. The electric current induces a vortex
flow Iv in the radial direction, which builds up an azimuthal
winding density ∂xϕ of the magnetic order parameter.
other possible avenue leading to the goal of clean energy.
Central concept.—To illustrate our main idea, we con-
sider an annulus structure depicted in Fig. 1. A thin-film
easy-plane magnetic insulator is placed on top of a metal
contact. The magnetic insulator can be ferromagnetic or
antiferromagnetic, with an order parameter n(r, t), which
is fluctuating in and out of the xy plane. Its winding tex-
ture is described by the azimuthal angle ϕ(θ, t), where θ
is the polar-coordinate angle. The metal annulus has a
uniform magnetic order M = M zˆ.
We define the vorticity 3-current in (2 + 1) dimensions
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vortices
electrons
FIG. 2. Schematic in Fig. 1 shows two viscously coupled hy-
drodynamic entities: one is the electron flow I and the other is
the vortex flow Iv. This coupling is Magnus cross-like, mean-
ing that a horizontal electron flow drives a vertical vortex flow
and vice versa.
within the thin-film magnetic insulator as
J µ = µνρzˆ · (∂νn× ∂ρn)/2pi, (1)
which is carried by the magnetic texture [22]. Here µνρ
is the Levi-Civita symbol (with the Einstein summation
implied over the Greek indices µ = 0, 1, 2↔ t, x, y). The
current obeys a topological conservation law, ∂µJ µ = 0.
The total vortex number in the bulk Ω
N =
∫
Ω
dxdy J 0 = 1
2pi
∫
∂Ω
d~l n2‖ ~∇ϕ, (2)
by Stokes theorem, is also the total winding number at
the boundary ∂Ω. Here n‖ is the easy-plane projection of
the order parameter n. We remark that this construction
is true not only at the low-temperature regime, where N
is integer-valued, but also applicable at high tempera-
tures and the paramagnetic regime (even in the lattice
limit [23]), where the vortex number is not quantized.
To load the free energy associated with the mag-
netic winding texture, we operate the magnetic sys-
tem near the Curie temperature (paramagnet regime) so
that vortices and anti-vortices deconfine to form a two-
dimensional, two-component plasma with finite vortex
conductivity σv [22]. A constant electric current I cir-
culating in the magnetic metal contact (see Fig. 1) en-
ergetically biases a radial vortex flow Iv [22] based on
symmetry analysis. We articulate the detailed mecha-
nism in later section. The electric current and vortex
current are Magnus cross-coupled as shown in Fig. 2.
Using this externally driven vortex flow, we are able to
reverse the typical “phase-slip” process in superfluids [6,
24, 25] and build up a finite order-parameter winding
density ∂xϕ in the magnetic insulator. The rate of change
of the magnetic winding number and the intensity of the
vorticity flow are related by the conservation law for the
vortex 3-current (1):
dN/dt = Iv. (3)
As the winding number accumulates, the metastable
magnetic configuration builds up a finite free-energy den-
sity and exerts a restoring force on the vortex flow, which
decays exponentially and eventually vanishes when the
restoring force by the winding texture balances the ex-
ternal drive. This type of process is analogous to the
experimental proposal by Pearl [14], in which a magnetic
screw rotating inside a superconducting cylinder is used
to propagate vortices radially in order to increase the
azimuthal superflow. In this system, the mechanical en-
ergy of the rotating magnetic screw is converted into the
energy associated with the increased winding of the or-
der parameter. Similarly, our system converts electrical
energy into the exchange energy of the magnetic texture.
Tuning the temperature for our magnetic system well
below the Curie temperature Tc keeps the winding tex-
ture within plane, due to the easy-plane anisotropy, thus
endowing it with a topological protection. In this regime,
the conductivity of vortices is frozen and the unwinding
process is exponentially suppressed. As a result, the en-
ergy associated with the magnetic texture can be stored
indefinitely in the absence of an external drive. To re-
lease the energy stored in the magnetic winding texture,
we can simply raise the temperature to near Tc and make
use of the natural vortex flow in the “phase-slip” regime.
The electromotive force from the vortex flow becomes the
output voltage of the magnetic battery.
Main results.—As we explain below, the dynamics of
the system in Figs. 1, 2 can be understood by mapping
to two coupled circuits, one for the electron flow and the
other for the topological charge (vortex) flow. For the
topological charge circuit [see Fig. 3(b)], the electric cur-
rent I in the metal contact plays the role of a bias, which
applies the vortex-motive force γI/hc, triggering a vor-
tex current Iv. Here γ/hc is an interfacial spin-transfer
torque parameter to be defined below. The magnetic in-
sulator itself behaves like a vortex capacitor (Cv) and
resistor (Rv) in series.
For the electric circuit, a reciprocal electromotive force
EEMF = γIv/hc arises from the coupling between electron
and vortex dynamics [26, 27], in series with the resistance
R and the geometric inductance L of the metal contact.
The Onsager reciprocity [28] between the two circuits can
be expressed in the compact form V = RˆI,(
V
Vv
)
=
(
R+ L ddt γ/hc−γ/hc Rv
)(
I
Iv
)
, (4)
3(a)
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FIG. 3. The dynamics of the system in Fig. 1 can be described
by two coupled circuits. (a) The electrical circuit, with a cur-
rent I, resistance R, self-inductance L (due to geometry), and
effective impedance Zv(ω) arising from the vortex-flow back-
action on the electric circuit. Within the vortex circuit (b),
the electric current I acts as a bias V = γI/hc for the vortex
flow, where γ/hc parametrizes the Magnus force between the
electron and vortex degrees of freedom. Vortex flow through
the magnetic bulk experiences resistance Rv, which is tunable
by varying the temperature, whereas the accumulated wind-
ing texture builds up energy according to the capacitance Cv.
where V is the electric voltage drop across the metallic
contact and Vv = −Q/Cv is the effective chemical poten-
tial associated with the accumulated topological charge
Q ≡ N [29]. We will see that the electromotive force
results in an impedance in the electric circuit, interpolat-
ing between a resistance (in the high-frequency response,
compared with the characteristic RvCv time) and an in-
ductance (at low frequencies). As we discuss below, this
inductance can be comparable with the geometrical in-
ductance within the electric circuit, and, therefore, we
propose to characterize the vorticity-current interaction
through its contribution to the electrical rf inductance.
Lastly, by neglecting the geometric inductance L, al-
lowing the device to charge for a time τ = RvCv, and
ignoring a small numerical term in the denominator, we
show that the charging efficiency, defined to be the ratio
of the total energy stored to the total energy input, is
η =
1/2
RRvh2c/γ
2 + 1
, (5)
from which we see explicitly that the efficiency benefits
from a thinner metal contact hc. The three parameters
(R,Rv, and γ/hc) correspond to three dissipation chan-
nels: electrical resistance of the metal, resistance of the
vortex current in the magnetic insulator, and their mu-
tual resistance, respectively.
Biased vortex flow.—A motive bias for vortex flow is
established by a circulating electric current I (see Fig. 1)
in a magnetically polarized metal contact (M = M zˆ).
This current exerts a long-wavelength torque (per unit
area) on the magnetic texture [22],
τ = γ nz(~j · ~∇)n, (6)
where j = I/hcδr is the electric current density and
nz is the z component of the order parameter. γ ≡
sign(M)pi~heff/e, where the lengthscale heff can be
loosely interpreted as the spatial extent of the torque,
as a proximity effect at the interface, within the insula-
tor. The torque does work upon magnetic dynamics at
the rate
W˙ =
∫
dxdy τ · (n× n˙) = γ
∫
dxdy ( ~J ×~j) · zˆ, (7)
where the integration is performed over the interface.
Here, we have taken, for simplicity, the magnitude of
the order parameter to be fixed, n = 1. In the high-
temperature regime, where n is fluctuating strongly, a
similar result is expected, albeit with a renormalized
prefactor. Eq. (7) indicates that the coupling between
electron and vortex dynamics is Magnus cross-like (see
Fig. 2). In other words, the electric current tangential
to a magnetic interface produces a Magnus force on vor-
tices, resulting in a transverse vortex flow. In reverse,
by Onsager reciprocity, the vortex flow exerts an elec-
tromotive force on electrons within the metal leading to
a transverse electric current. This underlies the mecha-
nism for building up and relaxing the winding texture in
the magnetic insulator.
Mapping onto two coupled circuits.—We first consider
the vortex dynamics in the magnetic insulator, by ex-
ploiting the duality between the XY magnet and electro-
statics in two dimensions [30, 31]. In the low-temperature
regime (for simplicity) n is in plane and has a fixed mag-
nitude (though, the results we obtain also generalize to
the high-temperature regime where the magnitude of n
is allowed to fluctuate). The duality is accomplished by
identifying the total winding of the magnetic order pa-
rameter with the electric charge Q = N , and the spatial
gradients of the order-parameter angle with the electric
field ~E = A~∇ϕ× zˆ, where A is the order-parameter stiff-
ness whose magnitude is on the order of J/a (J is the
exchange energy and a is the lattice spacing). We can
now recast the definition of the winding number (2) as
Gauss’s law for the electric charge
∫
d~s · ~E = Q/, where
d~s = d~l× zˆ is the line element in the azimuthal direction
and  = 1/A is the permittivity. Note that making this
identification requires a rescaling of the position variables
with the mapping r → r/2pi such that both sides of the
equation for Gauss’s law have equal units. Mapping the
energy expression for the insulating magnet to electro-
static notation, gives
E = hmA
∫
dxdy (∇ϕ)2 = hm
∫
dxdy
 ~E2
2
, (8)
4where hm is the height of the magnetic insulator.
Therefore, driving topological charges (vortices) from
the inner edge to the outer edge can be interpreted as a
charging-capacitor process, which is triggered by a charge
transfer (that is linked to the winding number) across the
annulus. Noting that the power (7) can be rewritten as
W˙ = γIIv/hc, we can view the metallic contact as a bat-
tery with voltage V = γI/hc acting on a vortex RvCv
circuit, as illustrated in Fig. 3(a). The effective capaci-
tance can be extracted by simply equating the energy (8)
with E = Q2/2Cv, whereas Fick’s law [32] ~J = −σv ~∇µ
gives the resistance Rv = ∆µ/Iv, where Iv = 2pirJ is the
vortex current and ∆µ is the motive force on the vortex
flow. Thus, we arrive at the effective vortex capacitance
and resistance
Cv =
1
A
2pir
hmδr
, Rv =
1
σv
δr
2pir
. (9)
Here σ−1v is the vortex resistivity whose main contribu-
tions arise from vortex collisions (such as umklapp scat-
tering, disorder, etc) and Gilbert damping.
The vortex current acts reciprocally on the electric cir-
cuit, as summarized in Eq. (4), from which we wish to
determine the total impedance acting on the electric cur-
rent. After Fourier transforming and solving for the elec-
tric response by eliminating the vortex current, we arrive
at the total impedance:
Z(ω) ≡ V (ω)
I(ω)
= R+ iωL+
iωCvγ
2/h2c
1 + iωRvCv
, (10)
where the last term [henceforth denoted Zv(ω)] is the
vorticity impedance, arising from the coupling between
electron and vortex dynamics. In the high frequency
regime (ω  1/τ) where τ = RvCv is the time scale of
the vortex charging (or discharging) process, one obtains
Zv(ω) = γ
2/h2cRv, indicating that the magnetic insula-
tor, generating an electromotive force against the input
electric current, behaves like a resistor in the electric cir-
cuit. In the opposite regime where ω  1/τ , we have
Zv(ω) = iωCvγ
2/h2c , suggesting that the magnetic insu-
lator plays the role of an inductor with Lv = Cvγ
2/h2c .
Battery efficiency and quantitative estimates.— The
dc electric current I flowing in the metal contact [Fig. 1]
eventually results in a steady-state magnetic texture with
winding density ∂xϕ = γI/Ahchmδr, and an associated
free energy
E = 1
2
CvV2 = 1A
pir
hmδr
(γI
hc
)2
, (11)
at time t  τ = RvCv = 1/Aσvhm. Here, the vor-
tex conductivity σv = ρvµ = ρvD/kBT depends on the
temperature through the vortex density ρv and vortex
mobility µ (which is related to the diffusion constant D
by the Einstein relation). In the extreme limit T  Tc,
where ρv ∼ 0, we have zero vortex conductivity leading
to τ → ∞. In the opposite regime (near the Curie tem-
perature Tc ∼ J/kB), the order parameter varies on the
atomic scale, ρv ∼ 1/a2 and D ∼ Ja2/~, giving the lower
bound of the charging time τ ∼ ~/J . Thus, the vortex
conductivity σv and τ are highly tunable by temperature.
To obtain the efficiency η of the charging process, we
neglect the geometrical inductance of the metal contact
and allow the device to charge for a time τ . The charging
will be accomplished by using a single square wave pulse
of current I. The total external energy input during the
charging process is
W =
∫ τ
0
dt I V (t) = I2Rτ + τ
V2
Rv
(1− e−1), (12)
where V (t) is the electric voltage drop across the metal
contact that can be obtained by solving Eq. (4). These
terms take into account the energy loss due to Joule heat-
ing and vortex motion as well as the stored energy within
the magnetic texture. By dropping the numerical factor
in the second term which is of order unity and depends
on the details of the charging process, the efficiency of
the charging-process becomes
η =
E
W =
1/2
RRvh2c/γ
2 + 1
. (13)
Considering the regime where τ ∼ ~/J , we have
RRvh
2
c
γ2
∼ hmhc
h2eff
1/k2F
a l
, (14)
where l and kF are the mean free path and Fermi wave-
length of electrons within the metal, respectively. It is
clear that the efficiency benefits from improving the con-
ducting quality of the metal and decreasing thicknesses
of both insulating magnet and metallic contact, which
makes sense intuitively. Taking the geometrical induc-
tance L into account, we should also obtain a better effi-
ciency. In the limiting case of L→∞, where the charg-
ing process is adiabatic, the efficiency can, in principle,
approach 1.
The maximal energy-storage capacity is another quan-
tity of interest. This is dictated by the Landau criterion
for energetic stability [33], where the magnetic texture
is maximally wound. It is achieved when the winding
texture energy [∝ A(∂xϕ)2] is comparable to the easy-
plane anisotropy energy (∝ K) that fixes the winding
within the easy-plane. Let us take the bulk stiffness to
be A = 5×10−12 J/m, an easy-plane anisotropy strength
of K = 5 × 105 J/m3, and mass density 5.11 g/cm3 (yt-
trium iron garnet), which yields for the winding density
1/∂xϕ =
√A/K ∼ 3 nm and a specific energy density of
100 J/kg. Such an energy can be loaded by applying a
electric current density of 1012A/m
2
within a thin metal
contact, which is feasible experimentally [9]. We can fur-
ther increase the specific energy density by enhancing the
5easy-plane anisotropy. For example, in the extreme limit
where the order parameter can vary on the atomic scale,
1/∂xϕ ∼ a, we have the specific energy density 104 J/kg,
which is about an order of magnitude below the capacity
of lithium-ion batteries.
To characterize the vorticity-current interaction, which
underlies the mechanism of our proposal, we make the
suggestion to measure its contribution to the electric in-
ductance in the rf response. To this end, we note that
Lv can be manufactured to be comparable with the geo-
metrical inductance L:
Lv
L
∼ 1
α2
e2/a
J
a2
hmδr
∼ 1, (15)
where α is the fine structure constant and we have used
δrhm ∼ 100 nm2. Alternatively, one can measure the
(transient) vortex discharging process, where the elec-
tric voltage of the metal is V (t) = Vmaxe
−t/τ , by solving
Eq. (4) with an open electric circuit. For a thin contact
(hc ∼ heff), one obtains that
Vmaxτ ∼ ~
e
r√A/K . (16)
Assuming r ∼ 1 µm and τ ∼ 10 ns which should be eas-
ily accessed experimentally, we get a measurable voltage
drop of Vmax ∼ 10−4 V.
Summary and outlook.— We have proposed an ex-
perimentally feasible energy storage concept in insulat-
ing magnets based on the collective transport of vor-
tices, emerging out of the topologically nontrivial real-
space order-parameter textures. This allows to utilize the
current-magnet interaction with a focus on the dynam-
ics of topological textures rather than the conventional
spin currents. The energy associated with the winding
texture can be loaded by electric means which biases a
vortex flow within the magnet [22, 23]. The system is
mapped onto two coupled circuits, where we interpret
the energy-loading process as a capacitor-charging ac-
tion. This energy storage is attractive due its potential
longevity [34, 35], endowed by the topological nature of
the vorticity, and its compatibility with integrated spin-
tronic circuits [7, 11–13] and quantum-information pro-
cesses based on insulating magnets [19–21].
One could envision a variety of generalizations of our
proposal by exploiting different topological hydrodynam-
ics. An immediate example is the magnetic hedgehog in
three dimensions. When a hedgehog passes through a
chiral magnet [36], a finite skyrmion density is built up
which is associated with finite energy and can be de-
vised to store energy. The resultant skyrmion density
is protected by Dzyaloshinskii-Moriya interaction which
plays a role of easy-plane anisotropy for winding tex-
ture. We remark that this is the generic property of
n-dimensional nonlocal topological defects, which would
establish (n − 1)-dimensional nonlinear textures when
they flow through a medium, dictated by the generalized
Stokes’ theorem. Other types of topologically conserved
local defects, such as skyrmions in two-dimensional mag-
netic films [37] and three-dimensional skyrmionic tex-
tures in frustrated magnets [38], can also be quite valu-
able potentially for energy-storage purpose. All these
possibilities provide opportunities to explore energy stor-
age concepts based on spin degrees of freedom and de-
serve further investigation.
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